The Institute of Medicine emphasizes care in the post-treatment phase of the cancer survivorship continuum. Physical exercise has been shown to be effective in improving physical function and quality of life in cancer survivors; however, its cost-effectiveness in lung cancer survivors is not well established.
Introduction
Up to 50% of patients with non-small cell lung cancer (NSCLC) are diagnosed with stage I-IIIA disease, 1 the treatment of which typical aims to cure through a combination of lung cancer resection surgery, definitive radiation, or concurrent chemoradiation. Following curative-intent treatment, lung cancer survivors are at risk for health impairments resulting from the effects and/or treatment of lung cancer and comorbidities. Perioperative pulmonary 2 and cardiopulmonary 3 complications occur in 15% and 35%, respectively of patients undergoing surgical resection and can lead to negative health consequences well beyond the perioperative period. 4 Additionally, patients typically lose 10-15% of lung function at three 5 to six 6 months following lobectomy which can negatively affect exercise capacity and health. Chemotherapy and radiotherapy, often part of the treatment for stage IB-IIIA NSCLC, can also lead to long-term health impairments. 7 Lung cancer patients also have major comorbidities 8 including smoking-related chronic obstructive pulmonary disease (COPD, 53%), diabetes (16%), and heart failure (13%) which may limit health. In time, partly due to the long-term effects of lung cancer treatment and comorbidities, patients experience disabling symptoms and a downward spiral of health. 9 As such, clinical guidelines recommend health monitoring and counseling for wellness/health promotion for cancer including lung cancer survivorship care. 10 Physical activity and exercise has been shown to improve physical function and quality of life (QoL) in cancer survivors. 11 As such, the American College of Sports Medicine recommends exercise training as an adjunct cancer therapy 12 and the American Cancer Society recommends cancer survivors to participate in physical activity/exercise regularly. 13 However, the cost-effectiveness of exercise in cancer survivors including lung is relatively unknown.
Model-based cost-effectiveness analyses (CEAs) of exercise interventions to improve lung cancer outcomes may motivate future clinical trials to test the effectiveness and trial-based CEAs of exercise interventions in lung cancer survivors. In this study, we simulated an exercise program in lung cancer survivors following curative-intent treatment to evaluate its costeffectiveness. We hypothesize that this exercise program will be cost-effective in improving QoL.
Methods

Study Overview:
We developed a simulation model to investigate the cost-effectiveness of exercise interventions compared to usual care (UC) in stage I-IIIA lung cancer survivors following curative-intent treatment. We chose the interventions described in the Lifestyle Interventions and Independence for Elders (LIFE) study, 14 partly due to a higher median age (70) at diagnosis for lung cancer patients 15 compared to other cancers and the availability of a previous CEA. 16 In LIFE, 1,635 participants aged 70-89 years were randomized to a structured moderate-intensity exercise program (done in eight different centers and at home) or a health education program; participants in the exercise program had a ~20% lower risk of major mobility disability compared to health education after a median of 2.6 years of follow-up. 14 Utilities: We used baseline health utilities as assessed by the EuroQoL-5 Dimensions (EQ-5D) questionnaire and reported in the Cancer Care Outcomes Research and Surveillance Consortium for lung cancer survivors who completed treatment >30 days previously: 17 0.83 for stage I patients, 0.78 for stage II, 0.76 for stage III, calculated to an average (0.79) for all stage I-IIIA patients based on estimates of stage distribution by the American College of Chest Physicians. For the disease recurrence health state, we assumed a health utility equivalent to stage IV patients (0.76) ( Table 1) . 17 We assumed a health utility benefit related to exercise of 0.05 QALYs (as described in the LIFE study 16 ) for patients in the disease-free and increase exercise health state. For patients in the LIFE exercise program, we conservatively estimated a probability of increasing exercise of 60% based on a pragmatic trial of breast cancer survivors 18 and assumed probabilities of increasing exercise of 10% and 0% for those in the health education program and UC, respectively. We chose the pragmatic trial 18 of breast cancer survivors due to previous evidence of effective exercise trials following treatment 19 and the availability of a probability of increasing exercise. 18 Patients who increase their exercise as the result of participating in the LIFE exercise or health education program were subjected to a yearly dropout rate of 10% based on a systemic review of controlled physical activity trials in cancer survivors. 19 Costs: We used costs as previously reported from an organizational perspective for the LIFE interventions 16 and assumed a cost of US$0 for UC. We used the treatment cost for advancedstage NSCLC as the cost for recurrent disease which included costs for targeted therapy but not immunotherapy. 20 We also estimated the costs from a societal perspective as suggested by recommendations for the conduct, methodological practices, and reporting of cost-effectiveness analyses, 21 and included participant opportunity costs related to time spent in exercise as reported in LIFE (213 min/week and 173 min/week in the exercise and health education programs, respectively) 14 and assumed 35 min/week of exercise for those in UC based on data from the National Health and Nutritional Examination Survey for participants aged >70 years. 22 We also included traveling costs for in-facility sessions using estimates of 40-min and 16-mile roundtrip for each session and a $2.42/gallon rate for gas cost and average light-duty vehicle efficiency of 23.9 miles/gallon. We measured the cost of time spent from lost work using the federal minimum wage ($7.25/hour as reported by the US Department of Labor). Given that the median age at diagnosis is 70 for lung cancer, 15 we assume a substantial fraction of lung cancer patients would be retired, and assumed the lost opportunity costs of retired individuals were the same as the lost wages of younger individuals. We adjusted all costs for inflation using the Consumer Price Index calculator to estimate costs in 2017 (Table 1) .
Survival Probabilities:
We obtained disease-free survival (DFS) data from the largest series to date 23 involving 14,578 patients postresection for NSCLC and calculated a weighted 5-year DFS rate (61%) for patients aged 65-90 years, and 5-year overall survival (OS, 55%) from the Surveillance, Epidemiology, and End Results database 15 for cases with segmentectomy or greater resection. We converted all 5-year to quarterly rates and calibrated them accordingly.
We also incorporated the probability of dying of natural causes for a given age using data from the Social Security Actuarial Life Table. 24 Model Structure: We used TreeAge ® software to build a decision tree and capture outcomes including survival as described above, and Markov models to simulate health state
progressions. Patients enter each intervention condition in equal probability and thereafter
Markov models with four different health states: disease-free and increased exercise, diseasefree with no change in exercise, recurrent disease, or death. Patients in the disease-free health state are subjected to a chance of dying of a natural death, dropout/stopping exercise if they increased exercise, and disease recurrence. Patients with disease recurrence will either continue or be subjected to death from lung cancer recurrence ( Figure 1 ).
Statistical Analysis:
We converted all yearly to quarterly (1/4 th ) costs and utilities and used a cycle length of three months and time horizon five years with half-cycle corrections. We incorporated 3% annual discounts to costs and utilities, 21 assumed a willingness-to-pay (WTP) threshold of $100,000 per QALY gained, 25 and analyzed from healthcare organization and societal perspectives. 21 We conducted sensitivity analyses on cost, probability of increasing exercise, and health utility benefit related to exercise to observe their effects on the ICER and probabilistic sensitivity analyses using Monte Carlo simulation with 100,000 iterations and parameters as reported in Table 1 , with standard deviations 20% for all included variables.
Results
The results of our model validation are shown in Figure 2 .
Base Case Analysis: Our base case CEA from an organizational perspective found total costs of $110,224, $106,923, $105,485 and effectiveness 2.78, 2.73, and 2.72 QALYs for the LIFE exercise program, health education, and UC, respectively. The ICER for the health education program was higher than that of the LIFE exercise program, suggesting lack of costeffectiveness (due to extended dominance). The incremental cost for the LIFE exercise program was $4,740 and incremental effectiveness 0.06 QALYs more than UC, giving an ICER of $79,504/QALY. The LIFE exercise program therefore would be cost-effective in lung cancer survivors from an organizational perspective at a WTP of $100,000/QALY. When we incorporated opportunity and traveling costs, the health education was again less cost-effective than the LIFE exercise program. The total cost for the LIFE exercise program was $116,685 and UC $105,967, giving an incremental cost of $10,718 and ICER $179,774/QALY. The LIFE exercise program therefore would not be cost-effective from a societal perspective when costs related to time lost to exercise and traveling were included. When we excluded traveling costs ($620/patient/year) to simulate an equally effective home-based intervention, the ICER was $143,556/QALY.
One-Way Sensitivity Analyses:
Our model was most sensitive to the costs of the exercise program, probability of increasing exercise, and health utility benefit related to exercise ( Figure   3A -C). At a WTP threshold of $100,000, the cost of the exercise program could be up to a maximum of $1,712/patient/year (~26% increase from our base case) and still be considered cost-effective compared to UC; a minimal probability of 48% of increasing exercise and utility benefit of 0.040 QALYs are needed to achieve cost-effectiveness.
Probabilistic Sensitivity Analyses:
We conducted probabilistic sensitivity analyses by varying all costs, utilities, and probabilities simultaneously. At a WTP of $100,000/QALY, the LIFE exercise program was cost-effective 71% and UC 27% of the time (Figure 4 ). If we increased the WTP to $150,000, 25 these respective probabilities were 94% and 4%.
Discussion
In a model-based CEA, we found that the LIFE exercise program was cost-effective in lung cancer survivors following curative-intent treatment from an organizational but not societal perspective. These findings may have implications in program design and implementation in future studies aimed at improving exercise and QoL in these patients.
Our model is most similar to a previous analysis by van Waart and coworkers 26 hospitalizations, outpatient clinics) healthcare costs between those in the OnTrack program compared to UC, but lower primary and higher secondary healthcare costs and no difference in total costs for Onco-Move compared to UC.
Similarly, Kampshoff and coworkers 27 evaluated the long-term cost-effectiveness of a high-intensity (HI) compared to low-moderate intensity (LMI) exercise program at 64 weeks, and found that in 277 (65% breast and 18% colon) cancer survivors randomized to a 12-week HI or LMI program, followed by booster sessions at 4, 10, and 18 weeks, the HI program gained 0.03
QALYs and had ICERs of -€72,859/QALY (i.e. cheaper and more effective) and -€87,831/QALY compared to LMI from the healthcare and societal perspectives, respectively. Notably, the cost saving was primarily due to significantly lower healthcare costs in secondary care and medications for participants in the HI compared to the LMI program.
In contrast, May and coworkers 28 performed a CEA for an 18-week exercise program during adjuvant breast and colon cancer treatment, and found that at 9 months, supervised exercise had incremental effectiveness of 0.01 and 0.03 QALYs for breast (n=204) and colon (n=33) cancer, respectively, and societal costs of €2,912 and -€4,321 compared to UC. Due to ICERs for breast cancer patients exceeding the WTP threshold, the authors concluded that the 18-week exercise program was cost-effective only in colon cancer, partly due to cost saving in chemotherapy, hospitalization, medical contacts, and work absenteeism for the exercise group compared to UC.
Like these CEAs, our study suggests that the cost-effectiveness of exercise programs largely depends on the effectiveness (QALYs) gained. While our model is also sensitive to the costs of the program, these trial-based CEAs alternatively suggest that exercise may be associated with lower healthcare costs and therefore cost-effective. Unlike these CEAs, our study also incorporated a probability of increasing exercise which indirectly estimates the probability of exercise uptake and therefore may have implications for generalization/translation in healthcare delivery. In addition, we estimated the traveling costs for facility-based exercise programs which may be associated with more QALYs gained 11 but higher participant costs compared to home-based interventions. Our model was somewhat sensitive to the 5-year DFS but not OS rate, likely due to the assumptions that patients with disease recurrence do not exercise and there is no survival benefit related to exercise.
The estimated direct medical costs for cancer in the US was $80.2 billion in 2015, much of which (~90%) was spent on hospital outpatient/office visits or inpatient hospital stays. 29 Often overlooked is the economic impact of cancer survivorship in years after diagnosis. Based on the Medical Expenditure Panel Survey, the mean health expenditure and estimated annual lost productivity for cancer survivors is higher beyond one year of diagnosis compared to those without a history of cancer. 30 In addition, cancer survivors are also more likely to have chronic conditions/multiple chronic conditions and therefore increased expenditure and productivity loss. 30 As such, cancer survivors commonly report financial hardships and need access to lifelong personalized screening, surveillance, and chronic disease management. 30 Following a cancer diagnosis, the Institute of Medicine recommends care planning, psychological support, and prevention and management of long-term and late treatment effects. 31 The care plan for each cancer survivor should include access to supporting services and tips on maintaining a healthy lifestyle. 31 While adult cancer survivors experience both physical and psychological impairments, evidence suggests that more cancer survivors have reduced QoL as the result of physical than psychological impairments; 32 these impairments often go undetected/untreated and may result in disability. 32 In a cross-sectional self-reported survey of early-stage lung cancer survivors 33 only 23% met physical activity recommendations compared to 33% for the general US adult population. 34 The mean (EQ-5D) health utility for lung cancer survivors who completed treatment >30 days previously is 0.79, 17, 35 much lower than the general US adult population (0.87) 36 and those without chronic conditions (0.89). 36 While suggesting unique opportunities to improve lung cancer health, these findings also imply cautionary considerations. Among them, lung cancer patients are somewhat different from other cancers due to higher median age at diagnosis, lifetime tobacco exposure, and prevalence of comorbidities. 8 As well, curative-intent lung cancer treatment may have unique effects related to cardiopulmonary health since part of the treatment requires local destruction and/or removal of lung tissue which may impede cardiopulmonary function and exercise capacity.
Exercise interventions in lung cancer survivors commonly take place as part of comprehensive, multidisciplinary pulmonary rehabilitation programs, either in the preoperative or postoperative context. 37 Recent systematic reviews suggest that preoperative exercise improves cardiopulmonary fitness 38, 39 and may reduce the risk of surgical complications, [40] [41] [42] [43] while postoperative exercise may improve functional and/or exercise capacity and QoL. [42] [43] [44] [45] While these findings provide supporting evidence for exercise in lung cancer survivorship, the authors of the systematic reviews raise concerns for volunteer and selection bias and inadequate sample size for the included studies, and note a lack of large randomized controlled trials (RCTs) of exercise interventions for lung cancer survivors. 40, [43] [44] [45] A more recent RCT 46 examining the impact of physical activity/exercise on fatigue in advanced lung cancer survivors showed no difference compared to usual care; however, in exploratory analyses of 38 (34%) of participants who increased physical activity/exercise during the intervention period, there was a significant reduction in fatigue symptoms. 46 Cancer rehabilitation has been suggested to be effective in improving function and QoL in cancer survivors and may be cost-effective in reducing healthcare costs. 32 Exercise plays an important role in rehabilitation and may have role in cancer rehabilitation to improve physical and psychological outcomes, decrease treatment-related morbidity, increase treatment options, and potentially reduce costs. 32 Such service may also assist lung cancer survivors overcome the physical and cardiopulmonary limitations, chronic disease management for COPD, heart failure, diabetes, and the associated psychological distress. Overcoming patient self-blame and stigma 47 may be equally important to ensure adherence. Home-based interventions may also need to be incorporated to maintain exercise and/or facilitate program uptake for patients who have barriers for facility-based programs.
Our study has limitations. First, we assumed a health utility improvement reported in LIFE which enrolled older adults without cancer and, therefore, may not translate to the lung cancer population. However, there are several advantages in choosing LIFE including: the advanced age of participants; multicenter and US setting; and the availability of costeffectiveness data 16 which maximize accuracy and real-life implications. In addition, recent systematic reviews suggest that exercise training in lung cancer patients may produce benefits in improving physical fitness 42, 43 and, possibly, physical health QoL (in a meta-analysis of four studies involving 138 surgically-treated lung cancer patients 42 ). Furthermore, the QoL benefits in LIFE extended across participants with and without comorbidity and among those with varying levels of fitness, suggesting that the LIFE exercise intervention could plausibly work among lung cancer patients. Second, the utility instrument used in LIFE (Quality of Well-being Scale) may have different psychometric properties including responsiveness to change compared to the EQ-5D. Nevertheless, similarities between these instruments include the use of preferencebased scales (0-1) and the utility improvement in LIFE 16 (0.05 QALYs over a median of 2.6 years) resembles the magnitude of EQ-5D utility improvement for COPD patients undergoing eight weeks of pulmonary rehabilitation, 48 meeting the threshold for minimal clinically important difference in lung cancer. 49 Third, we did not include possible negative health consequences related to exercise. However, in LIFE there was no difference in major adverse events related to exercise between the exercise and health education programs. 16 In addition, the US Preventative Task Force suggests that potential harms are at most small and favors interventions to promote physical activity in individuals with 50 and without 51 cardiovascular disease risk factors. Fourth, we obtained DFS and OS data from patients undergoing lung cancer resection surgery and therefore may have limited generalizability to those undergoing definitive radiation or concurrent chemoradiation. However, the wide range of 5-year DFS and OS rates tested in our sensitivity analyses included stage IA patients undergoing lobectomy (respective rates ~80% 23 and 60% 52 ) and stage IIIA patients undergoing concurrent chemoradiation (respective rates ~25% and 30% 53 ) and therefore facilitated inferences of costeffectiveness for a broad range of treatment modalities. Fifth, we did not incorporate possible benefits of exercise on functional changes associated with aging, chronic disease control, healthcare utilization including pulmonary rehabilitation, or survival; however, including these benefits would likely favor the cost-effectiveness of the LIFE exercise program. Finally, while this cost-effectiveness model strove to incorporate high-level evidence from a focused population of lung cancer patients, we lack a definitive RCT evaluating the LIFE exercise intervention in stage I-IIIA NSCLC patients. To identify model inputs for the CEA, we turned to research involving elderly non-cancer adults (for exercise program utility and cost), and breast cancer patients (for probability of exercise uptake). We measured the importance of these assumptions including a lower (40%) probability of increasing exercise and (0.01) QALY improvement related to exercise in our one-way sensitivity analyses, though the possibility of bias remains.
Our model did not include immune checkpoint blockade (ICB) costs since they are not currently standard therapy for stage III or earlier NSCLC, although ICB therapy is moving rapidly to earlier-stage disease. A recent RCT comparing ICB with anti-programmed death (PD) ligand 1 antibody durvalumab after platinum-based chemoradiotherapy in patients with unresectable stage III NSCLC found longer progression-free survival with ICB compared to placebo. 54 In a subgroup analysis, patients who started durvalumab <14 days of completing chemoradiation had a progression-free survival hazard ratio (HR) of 0.39, compared to those patients who received ICB 14-56 days of completing chemoradiation who had an HR of 0.63. In addition to underlying comorbidities, these findings may support the hypothesis that ICB integrated more proximally, or potentially concurrently, with radiation may improve outcomes for patients with locally-advanced NSCLC treated with definitive chemoradiation. ANVIL is an ongoing NCI Cooperative Group RCT testing nivolumab (anti-PD-1 antibody) as adjuvant therapy after surgical resection in stage IB-IIIA (https://clinicaltrials.gov/ct2/show/NCT02595944), the results of which will further clarify the role of ICBs in patients with curable non-metastatic disease.
While our model did not include the possible benefit of consolidation ICB therapy following or during traditional curative-intent treatment, including such benefit would only further improve the cost-effectiveness of exercise in our model. Furthermore, future studies examining the utility of exercise in lung cancer may include not only improving function and QoL, but also possible synergistic effects of exercise, radiation and ICB on lung cancer outcomes.
We conclude that in a simulation model, the LIFE exercise program is cost-effective compared to usual care in improving QoL in lung cancer survivors following curative-intent treatment from an organizational, but not societal perspective. Strategies to effectively increase exercise remotely may be more cost-effective than in-facility strategies for these patients. Caption: The health states are represented by ovals and include "disease-free, increase exercise," "disease-free, no change in exercise," "disease recurrence," and "death." Arrows represent possible transitions from one health state to another. Patients in the "disease-free" health state may experience a health utility benefit related to exercise if they increase their physical activity/exercise. Patients in the "disease recurrence" health state are assumed to not exercise. Patients who increase their exercise are subjected to a chance of stopping exercise after each year. 
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